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(57) ABSTRACT

An apparatus for producing polycrystalline silicon having: a
bell jar having a circumferential wall forming a chamber of a
reactor and a jacket covering a circumferential wall, and in
which a cooling path formed between the circumferential
wall and the jacket that allows cooling medium including
water to flow therethrough; a coolant feeding system which is
connected to the bell jar so as to feed the cooling medium to
the cooling path; a coolant recovering system which is con-
nected to the bell jar so as to recover the cooling medium from
the cooling path; a pressure control part controlling a pressure
in the cooling path; and a flow-rate control part controlling a
flow rate of the cooling medium, wherein the cooling medium
flows in the cooling path as boiling two-phase flow by con-
trolling the pressure and flow rate of the cooling medium.

7 Claims, 7 Drawing Sheets
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1
APPARATUS FOR PRODUCING
POLYCRYSTALLINE SILICON

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is relates to an apparatus for produc-
ing polycrystalline silicon producing rods of polycrystalline
silicon by depositing polycrystalline silicon on a surface of
heated silicon rod in a reactor.

Priority is claimed on Japanese Patent Application No.
2010-108472, filed on May 10, 2010, the content of which is
incorporated herein by reference.

2. Description of the Related Art

A producing apparatus by the Siemens process is known as
a producing apparatus of polycrystalline silicon. In the pro-
ducing apparatus of polycrystalline silicon, a plurality of
silicon seed rods are vertically set in a reactor and electric
current is supplied to heat these rods. Raw gas including
silicon compounds, such as chlorosilanes, and hydrogen is
supplied into the reactor so as to bring the raw gas into contact
with the heated silicon seed rods. As a result, polycrystalline
silicon is deposited on the silicon seed rods by thermal
decomposition reaction and the hydrogen reduction of the
raw gas, so that the silicon seed rod grows into a rod-shape.

Conventionally, in the above-mentioned producing appa-
ratus of polycrystalline silicon, a wall of the reactor used to be
formed from quartz. However, as described in U.S. Pat. No.
4,311,545 and Japanese Unexamined Patent Application,
First Publication No. 2009-173492, as the size of the appara-
tus is increased, the wall of the reactor is made from metallic
materials such as stainless steel, nickel-base alloy or the like.
Since the inner of the reactor is heated up to high temperature
of around 1000° C. while producing polycrystalline silicon,
in order to prevent contamination by impurity to polycrystal-
line silicon from the metallic materials, the temperature of the
wall which is in contact with the atmosphere in the reactor
should be kept lower than a certain restrictive temperature, for
example, 300° C.

BRIEF SUMMARY OF THE INVENTION

Therefore, conventionally, the reactor wall is cooled by a
water cooling jacket. As a result, large amount of heat is
carried away by cooling water from a reactor. Also, the tem-
perature of the cooling water is low, so that the heat recovered
by the cooling water cannot be reused, and generally released
from a cooling tower and the like to the environment. There-
fore, it causes great loss of energy, and increases the cost of
polycrystalline silicon and the environmental burden.

In U.S. Pat. No. 3,142,584, cooling medium having the
higher boiling point (100° C. to 750° C.) than that of water is
used for cooling the reactor, so as to cool a bottom plate of the
reactor at high temperature and cool the cooling medium in an
external heat exchanger. By this method, the bottom plate can
be maintained at high temperature, so that the deposition of
polymers (high-order chlorosilanes) on the bottom plate can
be prevented. In this case, the temperature of the inner wall of
the reactor may be increased, so that the impurity in produced
polycrystalline silicon may be increased. However, no mea-
sure to prevent this problem is mentioned at all in this patent.

Furthermore, in order to reuse the exhaust heat by cooling
medium, the heat should be recovered from the reactor by the
cooling medium with high temperature. In this case, however,
the temperature at the inner wall of the reactor becomes high,
so that the purity of polycrystalline silicon is deteriorated. On
the other hand, if sending down the temperature of the cooling
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medium in order to maintain the purity of polycrystalline
silicon, the exhaust heat cannot be used because of its low
temperature.

The present invention is achieved in consideration of the
above circumstances, and has an object of providing an appa-
ratus for producing polycrystalline silicon in which the
exhaust heat can be recovered with useful high-temperature
cooling medium and in which the impurity in polycrystalline
silicon from the reactor wall can be restrained.

Means for Solving the Problem

According to the present invention, an apparatus for pro-
ducing polycrystalline silicon in which raw gas including
chlorosilanes is introduced into a reactor, in which electric
current is supplied to silicon seed rods in the reactor so as to
heat the silicon seed rods, and in which polycrystalline silicon
is deposited on surfaces of the silicon seed rods and grown to
rods, the apparatus has: a bell jar having a circumferential
wall forming a chamber of the reactor and a jacket covering
the circumferential wall, and in which a cooling path formed
between the circumferential wall and the jacket that allows
cooling medium including water to flow therethrough; a cool-
ant feeding system which is connected to the bell jar so as to
feed the cooling medium to the cooling path; a coolant recov-
ering system which is connected to the bell jar so as to recover
the cooling medium from the cooling path; a pressure control
part controlling a pressure in the cooling path; and a flow-rate
control part controlling a flow rate of the cooling medium,
wherein the cooling medium flows in the cooling path as
boiling two-phase flow by controlling the pressure and flow
rate of the cooling medium.

It is necessary that the temperature of the cooling medium
in the cooling jacket (the cooling path) be high enough to
recover the exhaust heat, and that the temperature of the
reactor be restrained to low at the inner surface of the circum-
ferential wall (the reaction chamber side) in order to maintain
the purity of the produced polycrystalline silicon. However, if
single-phase flow of water is used as cooling medium, the
difference between the main stream temperature of water and
the temperature of the circumferential wall is broaden by the
convection heat transfer of water. Therefore, if the inner sur-
face temperature of the circumferential wall of the reactor is
restrained below a certain prescribed temperature, it is limited
to maintain high temperature of the cooling medium in the
cooling jacket.

According to the apparatus for producing polycrystalline
silicon of the present invention, since the circumferential wall
of'the reactor is cooled by the boiling two-phase flow of water
and steam, it is possible to obtain a larger heat transfer coef-
ficient of a boiling heat transfer than that of a single-phase
flow of water. The difference between the main stream tem-
perature of water (steam) and the temperature of outer of the
circumferential wall of the reactor is inversely proportional to
the heat transfer coefficient. Therefore, by using the boiling
heat transfer, the temperature of the circumferential wall of
the reactor can be decreased, and the exhaust heat can be
recovered by high temperature steam, which is preferable
state of recovered heat to be reused efficiently.

Inthe apparatus for producing polycrystalline silicon of the
present invention, it is preferable that the apparatus further
have a tank being connected to an upstream of the coolant
feeding system and a downstream of the coolant recovering
system; the cooling medium being recovered from the cool-
ing path through the recovering system be separated into
steam and liquid in the tank; and the separated liquid of the
cooling medium be fed to the coolant feeding system from the
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tank. In this case, the cooling medium is circulated through
the tank; and the gas phase ofthe cooling medium (i.e., steam)
separated from the cooling medium in the tank can be sup-
plied to external equipment in order to use the exhaust heat.
Also, the liquid phase of the cooling medium can be supplied
to the coolant feeding system. As a result, the reactor can be
cooled while utilizing the exhaust heat efficiently as steam.

In the apparatus for producing polycrystalline silicon, it is
preferable that the tank be provided at a position in which a
liquid level in the tank higher than a top of the bell jar. By this
construction, even though the pump or the like which circu-
late the cooling medium do not function, the cooling medium
in the tank can be circulated through the coolant feeding
system, the cooling path, and the coolant recovering system
since the liquid level is high.

In the apparatus for producing polycrystalline silicon, it is
preferable that the apparatus further have a pressure meter
measuring an inner pressure of the tank; a supply system of
steam having a steam-supply passage connected to the tank
and a steam-supply valve which opens and closes the steam-
supply passage, which draws out the steam in the tank; and a
resupply system of cooling medium which resupplies the
liquid of the cooling medium to the tank, wherein the pressure
meter and the supply system of steam construct the pressure
control part. In this case, the pressure in the cooling path can
be controlled by using the function of separating steam from
the cooling medium and feeding the steam to the external
equipment. Also, liquid cooling medium corresponding to the
weight of extracted steam can be resupplied.

Inthe apparatus for producing polycrystalline silicon of the
present invention, it is preferable that: the coolant feeding
system be connected to a plurality of coolant inlets that are
provided on a lower part of the jacket with intervals along a
circumferential direction so as to introduce the cooling
medium to the cooling path; and the coolant recovering sys-
tem be connected to a coolant outlet that is provided on an
upper part of the jacket so as to discharge the cooling medium
from the cooling path.

When cooling the circumferential wall of the reactor by
boiling heat transfer, if the flow of the cooling medium in the
jacket is not uniform, local dry out may occur. If dry out
occurs, heat transfer coefficient rapidly decreases, so that the
temperature of the circumferential wall of the reactor
increases. As a result, impurities may occur from the circum-
ferential wall.

In the apparatus for producing polycrystalline silicon
according to the present invention, by providing the plurality
of'coolant inlets introducing the cooling medium on the lower
part of the jacket, the cooling medium can flow uniformly
from the lower part to the upper part in the jacket. Therefore,
dry out can be prevented.

Inthe apparatus for producing polycrystalline silicon of the
present invention, it is preferable that the apparatus further
have partition plates that are provided between the circum-
ferential wall and the jacket so as to divide at least a lower part
of the cooling path to a plurality of cells adjacent along the
circumferential direction, and the coolant inlets be connected
to the cells.

By providing the partition plates to divide the inside of the
jacket into the plurality of cells, the cooling medium can flow
uniformly, so that dry out can be reliably prevented.

In this apparatus for producing polycrystalline silicon, it is
preferable that the coolant feeding system also be connected
to an additional plurality of upper coolant inlets that are
provided on an upper part of the jacket with intervals along
the circumferential direction so as to introduce the cooling
medium to the cooling path. In this case, since the cooling
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medium can be directly supplied to the upper part of the
circumferential wall at which dry out occurs easier than at the
lower part, dry out can be prevented efficiently.

In the apparatus for producing polycrystalline silicon
according to the present invention, it is preferable that the
circumferential wall be formed from carbon steel, and have a
covering layer on an inner surface, and the covering layer
include one of or both a nickel layer and a stainless steel layer
containing, by weight, 16 to 24% Cr, 8to 15% Ni, and 0 to 5%
Mo.

Generally, materials having high corrosion resistance, such
as stainless steel, are used for the circumferential wall of the
reactor. However, since the thermal conductivity of the stain-
less steel is low (about 16 W/(m-K)), in the process of trans-
ferring the heat from the reactor to the cooling medium, large
temperature difference generates in the circumferential wall.
On the other hand, if material having high thermal conduc-
tivity is used for the circumferential wall, temperature gradi-
ent in the circumferential wall can be restrained. However, if
the material has low mechanical strength, necessary wall
thickness has to be large for pressure resistance, so that the
temperature difference in the circumferential wall cannot be
decreased although using the material having high thermal
conductivity.

Inthe apparatus for producing polycrystalline silicon of the
present invention, since the circumferential wall is formed
from carbon steel having high mechanical strength and high
thermal conductivity, the temperature difference in the cir-
cumferential wall can be minimized, so that the inner surface
temperature of the circumferential wall of the reactor can be
low. As a result, the temperature of the cooling medium can be
high. Furthermore, on the inner surface of the circumferential
wall, the covering layer is provided so as to include the nickel
layer or/and the stainless steel layer having high corrosion
resistance, so that the corrosion resistance is improved.
Therefore, with maintaining the temperature of the inner of
the circumferential wall low as the impurities may not occur,
the heat can be recovered with the high temperature cooling
medium that is advantageous to use the exhaust heat.

Assuming that a certain value of heat flux is given from the
inside of the reactor to the circumferential wall of the reactor
and the exhaust heat is recovered at a certain value of satu-
rated vapor pressure (or saturated temperature) in the cooling
path, the inner surface temperature of the circumferential wall
of'the reactor can be decreased by carbon steel in comparison
to the case of stainless steel, because carbon steel has larger
thermal conductivity and larger mechanical strength than
stainless steel. In other words, under a certain value of the
inner surface temperature of circumferential wall and a cer-
tain value of heat flux, carbon steel has the advantage over
stainless steel to obtain higher saturated pressure (or saturated
temperature) of steam.

A method for producing polycrystalline silicon according
to the present invention, introducing raw gas including chlo-
rosilanes into a reactor, supplying electric current to silicon
seed rods in the reactor so as to heat the silicon seed rods, and
depositing polycrystalline silicon on surfaces of the silicon
seed rods so as to grow to rods. The method has steps of:
cooling a circumferential wall forming a chamber of the
reactor by boiling two-phase flow including water and steam
as a cooling medium so that temperature of the circumferen-
tial wall is lower than a prescribed restrictive temperature,
and recovering the steam from the cooling medium while
producing polycrystalline silicon.

Effects of the Invention

According to the apparatus for producing polycrystalline
silicon of the present invention, by cooling the circumferen-
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tial wall of the reactor with cooling medium of boiling two-
phase flow of water and steam, the inner surface temperature
of the circumferential wall of the reactor can be maintained
low, so that contamination of the impurities to polycrystalline
silicon can be prevented, and the heat can be recovered by
high temperature steam, which is preferable state of recov-
ered heat to be used efficiently. Furthermore, in a factory or
the like where steam is in demand, heat recovered steam can
be directly used, so that the exhaust heat can be recovered
efficiently with decreasing thermal loss.

BRIEF DESCRIPTION OF THE DRAWING

FIG.11s a schematic view showing the first embodiment of
an apparatus for producing polycrystalline silicon of the
present invention.

FIG. 2 is a longitudinal cross sectional view showing a
reactor in the apparatus for producing polycrystalline silicon
of FIG. 1.

FIG. 3 is an external view showing the reactor of FIG. 1.

FIG. 4 is an explanation drawing showing temperature
gradient of the reactor.

FIG. 5 is a graph showing a relationship between a circum-
ferential wall of the reactor and vapor pressure in a jacket.

FIG. 6A is a graph showing a condition in a case in which
stainless steel is used on the graph of FIG. 5.

FIG. 6B is a graph showing a condition in a case in which
carbon steel is used on the graph of FIG. 5.

FIG. 7 is an external view showing a substantial part of the
reactor according to another embodiment of the apparatus for
producing polycrystalline silicon of the present invention.

FIG. 8 is a partial cross sectional view showing a substan-
tial part of the reactor of FIG. 7.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, an embodiment of an apparatus for producing
polycrystalline silicon according to the present invention will
be described with reference to the drawings.

An apparatus for producing polycrystalline silicon 100 of
the present invention is provided with: a reactor 1 having a
base 2 forming a reactor floor, and a bell jar 3 which is
mounted on the base 2; a coolant feeding system 40 which is
connected to the bell jar 3 and supplies cooling medium to a
cooling path (space part) 3a of the reactor 1; a coolant recov-
ering system 41 which is connected to the bell jar 3 and
recovers the cooling medium from the cooling path 3a; a
pressure control part 70 which controls a pressure in the
cooling path 3a; and a flow-rate control part 50 which con-
trols a flow rate of the cooling medium being supplied to the
cooling path 3a. In the apparatus 100, the cooling medium can
be circulated as boiling two-phase flow in the cooling path 3a
by controlling the pressure and the flow rate of the cooling
medium.

As shown in FIG. 2, on the base 2, a plurality of electrodes
5 to which silicon seed rods 4 to be seeds for generating
polycrystalline silicon rod are mounted, injection nozzles 6
which inject raw gas including chlorosilanes and hydrogen
into the reactor 1, and gas exhaust ports 7 which discharge
reacted gas to the outside of the reactor 1 are provided.

The electrodes 5 are formed from carbon to have substan-
tially a columnar shape, mounted substantially concentrically
on the base 2 with a regular intervals, stand perpendicularly to
the base 2, and hold the silicon seed rods 4. The electrodes 5
are connected to an external power supply equipment of the
reactor 1 (not illustrated), and supply the power to the silicon
seed rods 4.
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The silicon seed rods 4 are heated to about 1050° C. by the
supplied power. When the raw gas which is introduced in the
reactor 1 is in contact with the heated silicon seed rods 4 and
thermally decomposed, polycrystalline silicon is deposited
on surfaces of the silicon seed rods 4, so that polycrystalline
siliconrods R are generated and grow to have a diameter of 10
cm or more.

The plurality of injection nozzles 6 of the raw gas are
disposed apart with appropriate intervals on an entire surface
of the base 2 of the reactor 1 so as to supply the raw gas
uniformly to the silicon seed rods 4. The plurality of gas
exhaust ports 7 are disposed apart with appropriate intervals
on a peripheral part of the base 2.

At a center part of the reactor 1, a heater 15 made from
carbon is mounted on the electrode 5 on the base 2 in a similar
manner to the silicon seed rods 4. The heater 15 heats the
silicon seed rods 4 in the vicinity of the center by radiation at
the beginning of an operation.

An arrangement and a number of the silicon seed rods 4,
and a position and a number of the injection nozzles 6 and the
gas exhaust ports 7 can be appropriately set according to size
of the reactor 1 or the like.

A cooling system for the reactor 1 in the apparatus 100 for
producing polycrystalline silicon will be described. As shown
in FIG. 2, in order to prevent heat damages, a double-walled
cooling jacket structure is formed on the base 2 and the bell jar
3 of the reactor 1, so that the cooling medium can be circu-
lated through inner space parts (the cooling paths) 2a and 3a.
That is to say, the bell jar 3 has a circumferential wall 31
forming a reaction chamber 101 and an outer wall (a jacket)
32 covering the outer of the circumferential wall 31, so that
the cooling path 3a through which the cooling medium is
circulated is formed between the circumferential wall 31 and
the outer wall 32. The space part 2a of the base 2 is formed
between an upper wall 21 facing the inner space (the reaction
chamber) 101 of the reactor and a lower wall 22 which is
provided apart from the upper wall 21. The reference symbols
9 and 23 denote coolant inlets; and the reference symbols 10
and 24 denote coolant outlets.

In the apparatus 100 for producing polycrystalline silicon,
a tank (a steam separator) 42 is provided. The tank 42 is
connected to an upstream of the coolant feeding system 40
and a downstream of the coolant recovering system 41, sepa-
rates steam from the cooling medium which is recovered from
the cooling path 3a via the coolant recovering system 41, and
supplies liquid separated from the cooling medium to the
coolant feeding system 40. That is to say, the cooling system
for the reactor 1 (i.e., the bell jar 3) is constructed from the
tank 42, the coolant feeding system 40, the coolant recovering
system 41, and the cooling path 3a of the bell jar 3.

The coolant feeding system 40 is provided with: a coolant
feeding path 40a in which the cooling medium flows; the
flow-rate control part 50 provided in the coolant feeding path
40a, which sends the cooling medium with controlling the
flow rate thereof to the cooling path 3a of the bell jar 3; a
bypass passage 52a which is formed in parallel to the coolant
feeding path 40qa; and a valve 52 which opens and closes the
bypass passage 52a. The coolant feeding path 40a is con-
nected at the upstream thereof to a supplying port 42a pro-
vided at the lower part of the tank 42, and connected at the
downstream thereof to the coolant inlets 9 provided at the
lower part of the bell jar 3.

The flow-rate control part 50 is provided with: a pump 51
which sends the cooling medium in the coolant feeding path
40a; a flow-meter 53 provided at the downstream after the
pump 51, which measures the flow rate of the cooling
medium; and a flow-rate control valve 54 provided between
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the pump 51 and the flow-meter 53, which controls the flow
rate of the cooling medium to the cooling path 3a. In the
flow-rate control part 50, by measuring the flow rate of the
cooling medium sent by the pump 51 by the flow-meter 53,
and controlling the flow-rate control valve 54 in accordance
with the signal from the flow-meter 53, the flow rate of the
cooling medium can be controlled.

The tank 42 is arranged so that a liquid level of the cooling
medium stored therein is positioned higher than the coolant
outlet 10 of the bell jar 3. Therefore, by opening the valve 52,
although the pump 51 cannot be functioned in the coolant
feeding system 40, the cooling medium can be circulated
through the bypass passage 52a, so that the reactor 1 can be
prevented from being heated excessively.

The coolant recovering system 41 has a coolant recovering
path 41a which is connected at the upstream thereof to the
coolant outlet 10 provided at the upper part of the bell jar 3,
and connected at the downstream thereof to a coolant recov-
ering port 426 provided at the tank 42.

The tank 42 is provided with: the supplying port 42a for
supplying the cooling medium and the coolant recovering
port 425 for recovering the cooling medium; a steam supply-
ing port 42¢ to which a steam supplying system 60 is con-
nected in order to supply steam in the tank 42 to an external
equipment (not illustrated) for using the exhaust heat; and a
coolant resupplying port 424 to which a coolant resupplying
system 63 is connected for resupplying the liquid cooling
medium into the tank 42.

The steam supplying system 60 which is connected to the
steam supplying port 42¢ has: a steam supplying path 61
connected to the tank 42; and a steam supplying valve 62
which opens and closes the steam supplying path 61. The
steam supplying system 60 draws the steam from the tank 42,
and supplies the steam to external equipment (not illustrated)
which uses the exhaust heat recovered from the reactor 1.

A pressure meter P measuring an inner pressure of the tank
42 is provided at the tank 42. Since the inside of the tank 42 is
connected to the cooling path 3a through the coolant recov-
ering path 41a, by opening and closing the steam supplying
valve 62 in accordance with a measured result of the pressure
meter P, the inner pressure of the tank 42, i.e., the pressure of
the cooling path 3a can be controlled. That is to say, the
pressure meter P and the steam supplying system 60 (i.e., the
steam supplying path 61 and the steam supplying valve 62)
construct the pressure control part 70 in the apparatus 100 for
producing polycrystalline silicon.

The coolant resupplying port 42d of the tank 42 is con-
nected to the coolant resupplying system (the coolant resup-
plying path) 63 resupplying the liquid cooling medium to the
tank 42. From the coolant resupplying path 63, a cooling
medium, which is condensed after being used at the external
equipment to which the exhaust heat has supplied through the
steam supplying system 60, and an additional cooling
medium are resupplied into the tank 42.

The circumferential wall 31 of the reactor 1 is formed from
carbon steel (a carbon steel layer 8 A) having thermal conduc-
tivity of 35 W/(m'K) or more, and has a covering layer 8B
provided on the inner surface in order to have corrosion
resistance. The covering layer 8B includes one of or both a
nickel layer or a stainless layer containing, by weight, 16 to
24% Cr, 8 to 15% Ni, and 0 to 5% Mo, and formed on the base
wall of carbon steel by plating, thermal spraying, or the like.
The circumferential wall 31 in the apparatus 100 for produc-
ing polycrystalline silicon of the present embodiment is
formed from a clad material in which the covering layer 8B
made from nickel is attached on a surface of the carbon steel
layer 8A.
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As shown in FIGS. 2 and 3, the plurality of coolant inlets 9
which introduces the cooling medium to the cooling path 3a
is provided at the lower part of the outer wall 32 of the reactor
1 with intervals along the circumferential direction. Between
the circumferential wall 31 and the outer wall 32, a plurality
ofpartition plates 11 which divide at least the lower part of the
cooling path 3a to a plurality of cells 30a adjacent along the
circumferential direction. At the top of the outer wall 32, the
coolant outlet 10 which discharges the cooling medium from
the cooling path 3a is provided. The coolant inlets 9 are
connected to the coolant supplying system 40; and the coolant
outlet 10 is connected to the coolant recovering system 41.
The flow of the cooling medium supplied to the cooling path
3athrough each coolant inlet 9 joins near the top of the bell jar
3viaeachcell 30, and the cooling medium is discharged to the
coolant recovering system 41 through the coolant outlet 10
provided at the top of the bell jar 3.

In the apparatus 100 for producing polycrystalline silicon
as described above, water as the cooling medium becomes
boiling two-phase flow of water and steam by being main-
tained high pressure (for example, 0.15 MPa for the present
embodiment) in the cooling system and by being heated in the
cooling path 3a of the bell jar 3. That is to say, the cooling
medium is introduced in a state of liquid having nearly satu-
rated temperature (127° C. at 0.15 MPa), so that it cools the
circumferential wall 31 facing the inside of the reactor 1 and
is heated while flowing through the cooling path 3qa; as a
result, the cooling medium becomes boiling two-phase flow
of water and steam.

The temperature of the cooling medium is maintained con-
stant (as the saturated temperature) and high enough to be
reused efficiently. On the other hand, the inner surface tem-
perature of the circumferential wall 31 facing the inner space
101 of the reactor 1 can be maintained to a restrictive tem-
perature, for example, as low as 300° C. or lower. After
discharging the boiling two-phase flow from the coolant out-
let 10, the steam separated from the cooling medium at the
steam separator (the tank) 40 is sent to another process in
which the steam is used, thereby the exhaust heat can be used
efficiently. Inthe base 2, liquid cooling medium (i.e., water) is
supplied from a supplying system other than the coolant
supplying system 40 to the space part 2a through the coolant
inlets 23, and discharged through the coolant outlet 24, so that
the base 2 is cooled.

The boiling state of the cooling medium in the cooling path
3a changes in accordance with the flow rate of the cooling
medium (cooling water) and the heat transmission through
the circumferential wall 31. The heat transmission changes
with time in accordance with a growth state of polycrystalline
silicon, flow rates ofthe raw gas supplied to the reactor 1 such
as chlorosilane or hydrogen, or the like. Therefore, by con-
trolling the flow rate of the cooling water using the pump 51,
the boiling state of the cooling medium in the cooling path 3«
can be controlled. Though the flow rate of the cooling water
can be changed along corresponding to the change of the heat
transmission, itis easy to control if the flow rate is constant. In
a case in which the flow rate of the cooling water is set
constant, a weight ratio of steam in the boiling two-phase flow
(i.e., a quality) at an exit (the coolant outlet 10) of the cooling
path 3a changes with time. Preferable extent of the quality is
0.5% to 20%.

If the maximum value of the quality is less than 0.5%, the
flow rate of the cooling water necessary to be supplied to the
cooling path 3a is increased, the pump 51 supplying the
cooling water and the steam separator (the tank) 42 separating
the steam from the boiling two-phase flow are too large, so
that the heat loss is increased; and the heat recovery efficiency
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is deteriorated. On the other hand, if the maximum value of
the quality is greater than 20%, the volume ratio of the steam
in the boiling two-phase flow is too large. As a result, dry out
may occur at a part of the circumferential wall 31 of the
reactor 1, so that the temperature of the wall may unfavorably
increase partially.

More preferable extent of the maximum value of the qual-
ity is 1% to 10%. By controlling the flow rate of the cooling
water in order to obtain the quality in this extent, unnecessar-
ily large cooling equipments are not needed, and the circum-
ferential wall 31 can be cooled by stable boiling two-phase
flow.

FIG. 4 shows the temperature gradient in the inner space
101 and the bell jar 3 of the reactor 1. A curved line T shows
temperature gradient from the inner space 101 of the reactor
1 toward the space part 3a in the bell jar 3 through which the
cooling medium flows. A point “a” denotes temperature of the
cooling medium flowing in the space part 3a, a point “b”
denotes temperature at a surface 315 toward the space part 3a,
of'the carbon steel layer 8 A forming the circumferential wall
31, and a point “c” denotes temperature at an interface 31c¢
between the carbon steel layer 8 A and the covering layer 8B
in the circumferential wall 31.

In the apparatus 100 for producing polycrystalline silicon
of the present embodiment, by forming the circumferential
wall 31 from carbon steel having high mechanical strength
and thermal conductivity of 35 W/(m-K) or more, tempera-
ture difference (denoted as t1 in FIG. 4) in the circumferential
wall 31 (the carbon steel layer 8A) can be so small that the
temperature of the covering layer 8B is low. As a result, the
inner surface temperature of the circumferential wall 31 is
low, and the cooling medium temperature is high enough to be
reused efficiently. In this case, in order to maintain the inner
surface temperature of the circumferential wall 31 low, a
thickness of the covering layer 8B may be set to 0.5 mm to 5
mm.

That is to say, as shown in FIG. 4, in the carbon steel layer
8A, the temperature gradient between the surface 315 toward
the space part 3a (designed as the “b” point) and the interface
31c (designed as the “c” point) between the carbon steel layer
8A and the covering layer 8B can be decreased, and also the
temperature difference t1 in the carbon steel layer 8A in the
circumferential wall 31 can be decreased, so that the tempera-
ture of the cooling medium can be increased.

If the circumferential wall 31 is made from stainless steel
as conventional, in a process of heat transferring from the
reactor 1 to the cooling medium, larger temperature differ-
ence between surfaces of the circumferential wall 31, facing
the inner space 101 and the space part 3a, may occurred than
in a case in which the circumferential wall 31 is made from
carbon steel since the thermal conductivity of the stainless
steel is low as about 16 W/(m'K). In this case, the temperature
gradient between the “b” point and the “c” point is larger than
in a case in which carbon steel is used, so that the temperature
of the cooling medium must be lower than in a case in which
carbon steel is used. Therefore, in the case in which the
circumferential wall 31 is made from stainless steel, the heat
is recovered at lower temperature than in the case in which the
circumferential wall 31 is made from carbon steel.

In the apparatus 100 for producing polycrystalline silicon
of'the present embodiment, by using carbon steel having high
thermal conductivity, the temperature difference in the cir-
cumferential wall 31 is decreased to a half or less than by
stainless steel, the cooling medium can be used at higher
temperature than using stainless steel.

Furthermore, by using boiling two-phase flow of water and
steam for the cooling medium, the temperature difference
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(denoted as t2 in FIG. 4) between the temperature of the
cooling medium at the space part 3a (designed as the “a”
point) and the temperature of the surface 315 at the space part
3a side surface of the circumferential wall 31 (designed as the
“b” point) can be decreased.

The heat transfer coefficient of single phase flow of water
is about 1000 W/(m*K). The heat transfer coefficient of
boiling two-phase flow of water is about 4000 W/(m*-K) or
more. The temperature difference between the main stream of
water (steam) and outer surface of the circumferential wall 31
is decreased in accordance with increase of the heat transfer
coefficient. Therefore, the temperature difference between
the main stream temperature of water and the temperature at
the outside of the circumferential wall 31 can be decreased to
a quarter or less than the temperature difference using single
phase flow.

As described above, both of the temperature difference t1
between the “b” and “c” points, and the temperature differ-
ence 12 between the “a” and “b” points can be decreased.
Therefore, the inner surface temperature of the circumferen-
tial wall 31 can be suppressed not to be excessively high, and
the cooling medium can be maintained at high temperature at
the same time. As a result, it is compatible to maintain the
inner surface temperature of the circumferential wall 31 to
lower than the restrictive temperature which can prevent
occurring of impurities, and to recover the cooling medium
having temperature high enough to be reused efficiently.

As described above, by using boiling two-phase flow, the
surface temperature of the circumferential wall 31 facing the
inner space 101 of the reactor can be suppressed to lower than
the restrictive temperature, and the temperature of the cooling
medium can be maintained high. This makes it possible to
recover exhaust heat from cooling medium that passes
through the reactor 1 and obtain recovered heat at high tem-
perature, which is reusable efficiently.

In a case in which boiling two-phase flow is used as the
cooling medium, dry out may occur partially if the cooling
medium does not flow uniformly in the space part 3a. If the
dry out occurs, since the heat transfer coefficient is rapidly
decreased, the temperature at the circumferential wall 31 of
the reactor 1 is increased, so that the impurities may occur.
However, in the apparatus 100 for producing polycrystalline
silicon of the present embodiment, the space part 3a of the
bell jar 3 is provided with: the coolant inlets 9 introducing the
cooling medium from the lower part of the bell jar 3 with
intervals along the circumference direction; the coolant outlet
10 discharging the cooling medium from the upper part of the
bell jar 3; and partition plates 11 dividing the space part 3a to
the plurality of cells along the circumferential direction.
Therefore, the cooling medium can uniformly flow from the
lower part toward the upper part of the bell jar 3, so that
cooling medium depletion on the circumferential wall 31 in
the space part 3a can be prevented.

In the apparatus 100 for producing polycrystalline silicon,
a thickness of the circumferential wall 31 can be obtained
from the mechanical strength and the thermal conductivity of
the material constructing the circumferential wall 31 of the
reactor 1 so as to recover the exhaust heat as steam from the
cooling jacket (i.e., the cooling path 3a) and to keep the inner
surface temperature of the circumferential wall 31 lower than
the restrictive temperature. For example, the circumferential
wall 31 thickness can be calculated in accordance with For-
mula (1).

For the circumferential wall of the reactor, the thermal
conductivity of the material is A(W/(m'K)), the thickness is
L(m), the saturated water vapor pressure (gauge pressure) of
boiling two-phase flow in the jacket is Psat (MPa), and the
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restrictive temperature which is a maximum temperature
acceptable in the circumferential wall is T,,(° C.). The satu-
rated water vapor pressure Psat is in a range of 0<Psat<0.7
(MPa). The restrictive temperature T,,, in the circumferential
wall varies with a degree of purity of polycrystalline silicon to
be produced. For example, when producing fine polycrystal-
line silicon for semiconductor, in order to prevent the impu-
rities from the circumferential wall, it is necessary to keep the
restrictive temperature T,, lower than when producing poly-
crystalline silicon for solar cells.

[FORMULA 1]

2.0x107° X Ty, +2.15% 1072 x Psal — (69)
3.4x107% x Psar—2.05x 1073

= 1.5
(L/A) +1.0x107*

FIG. 5 and FIG. 6 show relationship between Formula (1)
and three parameters of: the thermal conductivity A of the
material of the circumferential wall, the thickness L of the
circumferential wall, and the saturated water vapor pressure
in the jacket Psat when T, is 300° C., for example.

The curved line A in FIG. 5 and FIG. 6 denotes a condition
implying that the left part of Formula (1)=1.5. On the curved
line A, the inner surface temperature of the circumferential
wall of the reactor is 300° C. An area B at the right side of the
curved line A in FIG. 5 denotes a condition implying that the
left part of Formula (1)<1.5. An area C at the left side of the
curved line A in FIG. 5 denotes a condition implying that the
left side of Formula (1)>1.5.

The area denoted by the curved line A and an area C is a
combination satisfying a condition in which the inner surface
temperature of the circumferential wall of the reactor is sup-
pressed to lower than 300° C., and the heat can be recovered
by steam at Psat.

The circumferential wall needs the thickness that can bear
the pressure of boiling two-phase flow involving steam. How-
ever, the thickness varies with material, the figure and the size
of structure. For example, since the mechanical strength of
carbon steel is different from that of stainless steel, if the bell
jar is formed to have the same figure, the thickness for nec-
essary to bear the saturated water vapor pressure Psat is
different from each other.

In FIG. 5, FIGS. 6A and 6B, the broken lines X and Y
denote relationship between the saturated water vapor pres-
sure Psat and the necessary thickness L. of the circumferential
wall of the bell jar to bear saturated water vapor pressure Psat
in accordance with the thermal conductivity A of the material
of'the circumferential wall. The broken line X denotes a case
in which the material of the circumferential wall is carbon
steel; and the broken line Y denotes a case in which the
material of the circumferential wall stainless steel.

In a case in which the bell jar is formed from stainless steel,
an extent in which the temperature of the circumferential wall
can be suppressed below 300° C. is on the curved line A and
the area C that is the left of the curved line in FIG. 5 as
above-mentioned. Further taking a parameter of the mechani-
cal strength into account of this extent, the thickness L of the
circumferential wall and the water vapor pressure P in which
the bell jar of stainless steel satisfies the necessary conditions
are denoted by the area D under the broken line Y in FIG. 6A.
In this case, the maximum water vapor pressure (i.e., the
saturated water vapor pressure Psat) allowable for the stain-
less steel-made circumferential wall is 0.36 MPa (designated
as the point p1) in gauge pressure.
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As described above, when the bell jar is made from stain-
less steel, obtainable water vapor pressure is 0.36 MPa (the
point p1) at a maximum; and the inner surface temperature of
the circumferential wall is 300° C. in this situation. Therefore,
the thickness of the circumferential wall that can be derived
from Formula (1) is 30 mm. In the condition of p2, though the
thickness of the circumferential wall can withstand the water
vapor pressure, the temperature of the inner surface of the
circumferential wall exceeds 300° C. Therefore, this condi-
tion of p2 is not applicable.

On the other hand, when the bell jar is made from carbon
steel, since carbon steel has the larger mechanical strength
and the thermal conductivity than that those of stainless steel,
extents of the thickness L and the water vapor pressure P of
the circumferential wall which can satisfy the necessary con-
ditions of the bell jar is broader than the area A by stainless
steel, designated by an area E between the broken line X and
the curved line A including the area D as shown in FIG. 6B.
That is to say, since 0.7 MPa (in gauge pressure) of water
vapor pressure is allowable for the circumferential wall made
from carbon steel, it is possible to obtain the steam of higher
temperature than the case of the circumferential wall made
from stainless steel.

For example, the circumferential wall which can maintain
the water vapor pressure at 0.36 MPa has, if it is made from
carbon steel, a broader extent of the thickness L to be set than
in a case in which the circumferential wall is made from
stainless steel. The thickness L of the circumferential wall of
carbon steel can be set to 20 mm (designated as the point p3)
as the minimum; and the inner surface temperature of the
circumferential wall can be set to about 200° C. which is
drastically lower than 300° C. (designated as the point p1). As
a result, the impurities from the circumferential wall to the
inner of the reactor can be steadily prevented.

As described above, according to the apparatus 100 for
producing polycrystalline silicon, it is possible to prevent
contamination by the impurities for the polycrystalline sili-
con produced in a condition in which the inner surface tem-
perature of the circumferential wall 31 of the reactor 1 is
cooled below 300° C., and it is possible to obtain high tem-
perature steam that is preferable state of recovered heat to be
reused efficiently.

The present invention is not limited to the above-described
embodiments and various modifications may be made with-
out departing from the scope of the present invention. For
example, in the above embodiment, the boiling two-phase
flow in the cooling path is set to 0.15 MPa and 127° C. and so
on. However, the pressure and the temperature of boiling
two-phase flow is not limited as the above values, it can be set
so that the inside of the reactor can be cooled appropriately,
and the exhaust heat can be used efficiently.

Itis preferable that the covering layer of the bell jar include
one or of both a nickel layer and a stainless steel layer con-
taining, by weight, 16 to 24% Cr, 8 to 15% Ni, and 0 to 5%
Mo. For examples of stainless steel, SUS304L (18Cr—=8Ni),
SUS316L  (18Cr—12Ni—2.5Mo), SUS317L (18Cr—
12Ni—3.5Mo), SUS309S (22Cr—12Ni), SUS347 (18Cr—
9Ni—Nb) are preferred. In a case in which the covering layer
includes both the nickel layer and the stainless steel layer, it is
preferable that the nickel layer be formed between the surface
of the carbon steel and the stainless steel layer.

Resupplying part of the cooling medium from the coolant
resupplying system which is set at the tank 42 in the above
embodiment can be set at any part in which the cooling
medium flows, i.e., the coolant feeding system, the coolant
recovering system, the cooling path, or the like.
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The coolant inlets introducing the cooling medium into the
cooling path of the bell jar are provided only at the lower part
of'the bell jar in the above embodiment. However, as shown in
FIG. 7, a plurality of upper coolant inlets 16 introducing the
cooling medium to the cooling path 3¢ may be additionally
provided at the upper part of the jacket 32 with intervals along
the circumferential direction in a case in which the heat trans-
mission from the circumferential wall 31 is large; for
example, when a large amount of silicon seed rods 4 are
provided, or when producing the polycrystalline silicon rod R
having a large diameter. In this case, as shown in FIG. 8, the
cooling medium introduced from the coolant inlets 9 pro-
vided at the lower part of the jacket 32 flows upward; on the
other hand, the cooling medium introduced from the upper
coolant inlets 16 goes through the boiling two-phase flow,
reaches to the surface of the circumferential wall 31, and
flows downward along the surface of the circumferential wall
31, so that the circumferential wall 31 is cooled.

The heat flux from the reaction chamber 101 to the cooling
medium through the circumferential wall 31 is not uniform by
location; especially, the heat flux is large at the top of the
reaction chamber 101. Also, in the cooling medium intro-
duced from the lower part of the cooling path 3a, a volume
ratio of vapor in the boiling two-phase flow is larger at the
upper part of the cooling path 3a than at the lower part, so that
dry out tends to occur at the upper part of the cooling path 3a.
Itis likely to happen especially when a large amount of silicon
seed rods 4 are provided, or when producing the polycrystal-
line silicon rod R having a large diameter. Therefore, by
introducing the cooling medium at the upper part of the cool-
ing path 3a, the dry out can be effectively prevented.

As shown in FIG. 8, it is preferable that the upper coolant
inlets 16 be provided with a spray nozzle spraying the cooling
medium in a fan-shape or a cone-shape. By using such the
spray nozzle as above, the liquid cooling medium can be
directly supplied on the surface of the circumferential wall 31
widely. It is more preferable that the nozzles be provided
downwardly. By providing the nozzles downwardly, the cool-
ing medium is helped to flow downwardly on the surface of
the circumferential wall 31, the dry out can be prevented in
further wide area.

The cooling medium supplied from the upper coolant inlets
16 may be the same water as the cooling medium introduced
from the lower coolant inlets 9, such as condensed cooling
medium after recovered heat is removed by an external equip-
ment (not illustrated). By using newly resupplied cooling
medium; in other words, the cooling medium having lower
temperature than the cooling medium supplied from the cool-
ant inlets 9, a higher cooling effect can be obtained.

What is claimed is:

1. An apparatus for producing polycrystalline silicon in
which raw gas including silicon compounds is introduced
into a reactor, in which electric current is supplied to silicon
seed rods in the reactor so as to heat the silicon seed rods, and
in which polycrystalline silicon is deposited on surfaces of the
silicon seed rods and grown to rods, the apparatus compris-
ing:

abell jar having a circumferential wall forming a chamber
of the reactor and a jacket covering the circumferential
wall, and in which a cooling path formed between the
circumferential wall and the jacket that allows a cooling
medium including water to flow therethrough;

a coolant feeding system which is connected to the bell jar
so as to feed the cooling medium to the cooling path;

a coolant recovering system which is connected to the bell
jar so as to recover the cooling medium from the cooling
path;

apressure control part controlling a pressure in the cooling
path; and
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a flow-rate control part controlling a flow rate of the cool-

ing medium

wherein by maintaining the pressure in the cooling path to

a prescribed high pressure and introducing the cooling
medium into the cooling path in a state of liquid of nearly
saturated temperature, the cooling medium flows as a
boiling two-phase flow having a heat transfer coefficient
larger than that of a single-phase flow of water, so that
the circumferential wall is cooled by the boiling two-
phase flow of the cooling medium,

wherein the circumferential wall is made of carbon steel

having thermal conductivity of 35 W/(m-K) or more,
wherein the coolant feeding system is connected to a plu-
rality of coolant inlets that are provided on a lower part
ofthe jacket with intervals along a circumferential direc-
tion so as to introduce the cooling medium to the cooling
path, and connected to a plurality of upper coolant inlets
that are provided on an upper part of the jacket with
intervals along the circumferential direction so as to
introduce the cooling medium to the cooling path, and
wherein the coolant recovering system is connected to a
coolant outlet that is provided on an upper part of the
jacket so as to discharge the cooling medium from the
cooling path.

2. The apparatus for producing polycrystalline silicon
according to claim 1 further comprising a tank being con-
nected to an upstream of the coolant feeding system and a
downstream of the coolant recovering system,

wherein the cooling medium being recovered from the

cooling path through the recovering system is separated
into steam and liquid in the tank, and wherein

the separated liquid of the cooling medium is fed to the

coolant feeding system from the tank.

3. The apparatus for producing polycrystalline silicon
according to claim 2, wherein the tank is provided at a posi-
tion in which a liquid level in the tank to be higher than a top
of'the bell jar.

4. The apparatus for producing polycrystalline silicon
according to claim 2, further comprising:

a pressure meter measuring an inner pressure of the tank;

a supply system of steam having a steam-supply passage

connected to the tank and a steam-supply valve which
opens and closes the steam-supply passage, which draws
out the steam in the tank; and

a resupply system of the cooling medium which resupplies

the liquid of the cooling medium to the tank,

wherein the pressure meter and the supply system of steam

construct the pressure control part.

5. The apparatus for producing polycrystalline silicon
according to claim 1, further comprising partition plates that
are provided between the circumferential wall and the jacket
s0 as to divide at least a lower part of the cooling path to a
plurality of cells along the circumferential direction, wherein
the coolant inlets are connected to be communicated with the
cells.

6. The apparatus for producing polycrystalline silicon
according to claim 1, wherein

the circumferential wall is formed from carbon steel having

thermal conductivity of 35 W/(m'K) or more, and has a
covering layer on an inner surface, and

the covering layer includes one of or both a nickel layer and

a stainless steel layer containing, by weight, 16 to 24%
Cr, 8 to 15% Ni, and 0 to 5% Mo.

7. The apparatus for producing polycrystalline silicon
according to claim 1, wherein the flow-rate control part con-
trols the flow rate of the cooling medium so that a weight ratio
of steam in the boiling two-phase flow at a coolant outlet of
the cooling path is 0.5% to 20% at maximum.
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